Additional index words. tomato, deficit irrigation, fruit yield, fruit quality, comprehensive quality index Abstract. To investigate the quantitative response of tomato yield and fruit quality to deficit irrigation applied at different growth stages, greenhouse experiments were conducted in 2017 and 2018. Three irrigation treatments (full irrigation and twothirds or one-third of full irrigation) were applied to greenhouse-grown tomato plants at flowering and fruit development (stage 2) and at fruit maturation stage (stage 3). Grey relational analysis (GRA), the technique for order preference by similarity to an ideal solution (TOPSIS), and principal components analysis (PCA) were used to calculate the comprehensive fruit quality indexes, and combinatorial evaluation method was determined. The results showed that deficit irrigation significantly reduced evapotranspiration (ET) and tomato yield and that relative yield had a negative linear correlation with relative seasonal water deficit (1LET i /ET c ). However, deficit irrigation improved fruit quality, especially at stage 2. Total soluble solids, the total soluble sugar concentration, the sugar-to-acid ratio, and vitamin C in the tomatoes all increased significantly in plants that were deficit irrigated compared with fully irrigated plants, while organic acids and lycopene decreased in both years. There were linear correlations between fruit quality parameters and 1LET i /ET c . The comprehensive quality index derived from GRA and PCA is reliable, and the comprehensive quality indexes given by GRA, PCA, and a combination of GRA and PCA showed positive linear correlation with 1LET i /ET c . The comprehensive quality ranking showed that in both years, F 2/3 M 1 (two-thirds full irrigation at stage 2) gave a better result and CK (full irrigation) the worst. An appropriate water deficit at the flowering and fruit development stage, which results in a trade-off between acceptable yield and improved fruit quality, is recommended. Our results provide a sound basis for tomato production that has a desirable balance between high yield and high fruit quality.
Tomatoes are important in human nutrition because they are a good source of antioxidants, minerals, vitamin C (VC), and organic acids (Erba et al., 2013; Toor et al., 2006) . High tomato consumption reduces the risk of certain diseases (Al-Amri, 2013; Massot et al., 2010; Nguyen and Schwartz, 1999) . As tomato production is increasing, consumer demand is gradually changing from increased fruit quantity to better fruit quality (Chen et al., 2013; Wang et al., 2015) . Water is an essential factor in tomato growth, yield, and fruit quality (Chen et al., 2014; Sun et al., 2013; Wang et al., 2015) . Many studies have shown that deficit irrigation improves tomato fruit quality because it leads to increased amounts of sugar, VC, and betacarotene in the fruit (Chen et al., 2013; Favati et al., 2009; Patan e and Cosentino, 2010; Wang et al., 2015; Yang et al., 2017) . However, the improvement in tomato fruit quality gained by deficit irrigation is matched by an undesirable reduction of yield due to smaller fruit size and earlier plant senescence (Chen et al., 2014; Hanson et al., 2006; Topcu et al., 2007; Wang et al., 2015; Zheng et al., 2013) . Thus the development of an irrigation management program that offers the best compromise between improved fruit quality and reduced quantity is desirable.
Scholars have attempted to find the correct balance between fruit quality and quantity by conducting open field or greenhouse experiments. Chen et al. (2013) determined that the best compromise between fruit quality and quantity was obtained in an arid region when the irrigation amount was reduced to two-thirds full irrigation (the lower and upper irrigation limits were 75% and 90% field capacity) at the fruit maturation stage. Wang et al. (2015) showed that the optimal irrigation amount for balancing fruit comprehensive quality and yield was twothirds of the control amount after the seedling stage. Favati et al. (2009) found that in a typical Mediterranean region, the optimal irrigation strategy for balancing fruit quality with yield was to extend the irrigation interval (irrigation was carried out when the cumulative ET minus effective precipitation was 20 or 40 mm) and to reduce the irrigation amount by 50% for the second part of the tomato crop cycle, starting from the onset of fruit ripening. Reasonable deficit irrigation at different growth stages is beneficial because it increases water use efficiency and improves tomato quality (Chen et al., 2013; Favati et al., 2009; Wang et al., 2015) . However, before determining a more precise deficit irrigation strategy, greater knowledge of the relationship among tomato yield, fruit quality, and deficit irrigation at different growth stages is required. Equations relating deficit irrigation to fruit quality and crop yield will help to guide tomato irrigation for the production of high-quality tomatoes. Some studies have formulated a relationship between tomato yield and ET (Chen et al., 2013; Kuscu et al., 2014; Stewart et al., 1977; Zheng et al., 2013) . Stewart et al. (1977) and Chen et al. (2014) developed a linear model relating relative yield reduction of tomatoes (1-Y a /Y m ) to a reduction in relative seasonal ET (1-ET a /ET m ) which was also used to correlate tomato yield with seasonal ET (Chen et al., 2013; Kuscu et al., 2014; Zheng et al., 2013) . Tomato yield has been shown to have both linear and nonlinear relationships with soil water tension thresholds (Marouelli and Silva, 2007) , soil water deficit (Patan e and Cosentino, 2010) , and seasonal irrigation volume (Favati et al., 2009; Kuscu et al., 2014; Zheng et al., 2013) . There are many studies of the relationship between yield and water deficit but few studies that formulate the relationship between fruit quality and water deficit.
Tomato quality is the overall result of interactions among different individual quality parameters (Wang et al., 2011) . Deficit irrigation affects individual fruit quality parameters in various ways, which makes it difficult to determine the treatment that results in the best overall fruit quality. The comprehensive quality index was devised to consider the contribution of individual quality parameters under different deficit irrigation treatments (Wang et al., 2011) . Multiple-attribute decision-making can combine all the quality attributes into a comprehensive quality index to represent fruit quality. Among multiple-attribute decisionmaking techniques, TOPSIS, GRA, and PCA are commonly used to compute a comprehensive quality index. TOPSIS uses the best and worst ideal solutions (Chamodrakas et al., 2009; Wang et al., 2010) . The best ideal solution represents the optimal solution, and it is derived from the optimal values of alternative solutions, whereas the worst ideal solution is the worst alternative. The alternatives are ranked by their similarity to the best ideal solution (Chamodrakas et al., 2009; Wang et al., 2010) . Wang et al. (2011) used TOPSIS to find a comprehensive quality index for tomatoes under different deficit irrigation applications. GRA is based on grey system theory. It can be used to determine the complicated interrelationships of multiple characteristics, and it is an effective way to analyze processes with many parameters (Tamrin et al., 2014; Wang et al., 2013) . PCA reduces many indicators to a few relatively independent principal components by parameter extraction and data reduction, and the source of parameters can be identified after reducing the number of observable parameters at each step (Lan et al., 2014; Lu et al., 2009; Zabalza et al., 2014) . Wang et al., (2015) used GRA and PCA to calculated a comprehensive quality index for tomatoes under different deficit irrigation treatments and nitrogen application programs. Their results showed that GRA and PCA both provided suitable indexes. However, the methodology of computing a comprehensive quality index under deficit irrigation at different growth stages needs be further studied.
The quantitative relationship between water deficit and tomato yield has been studied (Chen et al., 2013; Kuscu et al., 2014; Patan e and Cosentino, 2010; Zheng et al., 2013) . However, there are few studies (Chen et al., 2013; Patan e and Cosentino, 2010) of the quantitative relationships between water deficit and individual quality attributes (e.g., sugar content, VC content, organic acid content, and the sugar-to-acid ratio), especially between comprehensive quality indexes and water deficit. The quantitative relationship between the comprehensive quality of tomatoes and water deficit at different growth stages can provide a basis for the formulation of an irrigation program for high-quality tomato production. Thus, the objectives of this study are 1) to quantify the effects of deficit irrigation at different growing stages on tomato yield and individual quality parameters; 2) to determine the best method of computing the comprehensive quality index by comparing GRA, TOPSIS, and PCA and identify its response to deficit irrigation; and 3) to determine an optimal tomato irrigation program that balances reduced yield with improved the comprehensive fruit quality.
Materials and Methods

Experimental site
The greenhouse experiments were conducted at Weifang University (latitude 36°71#N, longitude 119°36#E, altitude 27.03 m) from 8 Apr. 2017 to 30 July 2017 and at Gaomi experimental station (latitude 36°38#N, longitude 119°56#E, altitude 26.67 m) from 27 June 2018 to 13 Oct. 2018 in Weifang City, Shandong Province. Both locations are in the same subhumid climate zone with mean annual precipitation 646 mm, mean annual pan evaporation 1838 mm, mean annual temperature 11.7°C, mean annual sunshine duration >2800 h, and mean frost-free days 197 d. A standard automatic weather station (Hobo, Onset Computer Corp., USA) was located at the center of each greenhouse to provide continuous measurement of solar radiation (R a ), air temperature (T a ), wind speed at 2 m height, and relative humidity (RH) during the experimental period. The meteorological variables for the period are shown in Fig. 1 
Experimental design
Three irrigation treatments (full irrigation, two-thirds, and one-third full irrigation) were applied in both years at flowering and fruit development (stage 2, from first fruit set to first fruit maturity) and at fruit maturation (stage 3, from first fruit maturity to uprooting plants after all fruit have been harvested). Nine treatments were arranged in a randomized complete block design with eight replicates for each treatment. At the seedling stage, all pots were fully irrigated. CK treatment was irrigation to 90% of field water capacity when the soil water content had decreased to 75% of field water capacity. Deficit irrigation treatments were administered at the same time as CK. The irrigation amounts for all treatments at different growth stages in both years are shown in Table 1 Measurements. ET, yield, and water use efficiency. ET (in liters) is calculated from soil water balance using the following equation according to Qiu et al. (2017a Qiu et al. ( , 2017b Qiu et al. ( , 2018 :
where W n and W n +1 are the weights of the pots at the end of days n and n+1 (g); r is the water bulk density (1000 g/L); and I and D are irrigation and drainage amounts (in liters).
The pots were weighed daily on an electronic scale with 1 g precision at 18:00 h. After each irrigation event, D for each pot was measured from the drainage water collected in a glass bottle placed underneath the pot.
Each fruit was weighed as it was harvested. Mean fruit weight and total yield for each treatment were calculated.
Fruit quality parameters. Several individual fruit quality parameters, the fruit shape ists (1990) . TSS was measured by a handheld refractometer (ATAGO, PAL-1, Co., Ltd., Tokyo, Japan). TSSC was observed using the anthrone-sulphuric acid colorimetric method described by Leyva et al. (2008) . VC was measured using the 2,6-dichloroindophenol titrimetric method (Association of Official Analytical Chemists, 1984) . LYC was measured by the spectrophotometric method developed by Davies (1976) and Sharma and Le Maguer (1996) . The sugar to acid content ratio (SAR) was defined as the ratio of TSSC to OA. The vertical and horizontal diameters of the fruit were measured by a Vernier caliper, and SI was defined as the ratio of vertical diameter to horizontal diameter (Chen et al., 2013) .
Computation of the comprehensive fruit quality index. GRA, which is based on the grey system, considers all the treatments in the experiment. Each treatment is defined as one of a factor in the system. The comprehensive fruit quality index is calculated by the following steps (Jing and Hong, 2012; Xiao et al., 2012; Xie and Mao, 2012) .
(1) Normalize the fruit quality parameters. The ideal treatment (x 0j ), which consists of the n maximums of the individual fruit quality parameters, is determined; other treatments in the experiment are defined as x ij . The x ij are normalized by:
where y ij is the normalized value of a fruit quality parameter and varies between 0 and 1; m is the number of experimental treatments; and n is the number of fruit quality parameters. In this study, m = 9 and n = 8.
(2) Determine the grey relational coefficient. The grey relational coefficient (x ij ) is calculated according to Lu et al., (2009 ):
where y 0 i is the ideal normalized value of the ith fruit quality parameter, which is the greatest normalized value and is set to be 1.0 and z is the distinguishing coefficient, which is defined as 0.5 according to Wang et al. (2015) .
(3) Estimate the comprehensive fruit quality index for different irrigation treatments. The grey relational rank (Q Ã Ri ) is the comprehensive fruit quality index and is calculated by the weighted sum of x ij :
where w j is the weighting factor of the jth fruit quality parameter, which is determined according to Wang et al. (2011) . Technique for order preference by similarity to an ideal solution. TOPSIS, which is based on the best and worst ideal solutions, quantifies the comprehensive quality index (Deng et al., 2000) , which is calculated in the following steps.
(1) Normalize the fruit quality parameters. The normalized value of the fruit quality parameters (p ij ) is calculated by:
(2) Calculate the best (A + ) and worst (A -) ideal solutions. The solutions A + and A -are calculated from the normalized fruit quality parameter values using Eqs.
[6] and [7] :
where J 1 is the set of the-greater-the-betterthe quality parameters and J 2 is the set of thesmaller-the-better-the quality parameters.
(3) Determine the weighted Euclidean distances. The weighted Euclidean distance between
Similarly, the weighted Euclidean distance between
(4) Calculate the comprehensive fruit quality index for different treatments. The comprehensive fruit quality index (Q Ã Ti ) is Fruit maturation stage (28 Aug.-13 Oct.) ----Stage 1 is the seedling stage (from transplant to first fruit set), stage 2 is the flowering and fruit development stage (from first fruit set to first fruit maturity), stage 3 is the fruit maturation stage (from first fruit maturity to uprooting crops after all fruit is harvested). CK = full irrigation.
given by the closeness of the quality vector of every treatment to the positive ideal solution, and it is calculated by
Principal component analysis. PCA is used to reduce the number of observational parameters at each treatment. The comprehensive fruit quality index of tomatoes is computed in the following steps (Fung and Kang, 2005; Lu et al., 2009) .
(1) Establish the original data matrix x ij of fruit quality parameters.
where m is the number of experimental treatments, and n is the number of fruit quality parameters. In this study, m = 9 and n = 8.
(2) Normalize the fruit quality parameters. To ensure consistency in the directionality of fruit quality parameters, negative optimal parameters were converted into positive optimal parameters by x# ij = -x ij [12] where the x# ij are the positive optimal fruit quality parameters. The x# ij are normalized by
where the Z ij are the normalized parameters:
(3) Calculate the correlation coefficient matrix of Z ij .
where r jk is the Pearson correlation coefficient between Z# j and Z# k (k = 1, 2, ., n).
(4) Determine the eigenvalues and eigenvectors. The eigenvalues and eigenvectors of R n·n are calculated by
where l p are the eigenvalues, P n p = 1 l p = n; In this study, P = 2, and a pi are the eigenvectors corresponding to the l p , defined as (a p1, a p2 , ., a pn )
T . (5) Calculate the principal components corresponding to the l p . The variance contribution rate corresponding to the pth principal component (h p ) is determined by
The pth principal component (f ip ) of each irrigation treatment is calculated by:
(6) Evaluate the comprehensive quality index of each irrigation treatment. The Table 2 . Effects of deficit irrigation at different growth stages on evapotranspiration (ET), yield, and fruit quality overall growth stages in 2017 and 2018.
Crop season 
where w j is the variance contribution rate corresponding to the jth principal component and f j + and f j -are the maximum and minimum values of the jth principal component under different treatments.
The comprehensive quality index of each treatment (Q Ã Pi ) is determined by:
Combined computation. The combined comprehensive fruit quality index is derived from the comprehensive fruit quality indexes given by the different methods to ensure that the final result is truly representative. The steps in the computation of the combined comprehensive fruit quality index are as follows.
(1) Establish the data matrix X for the evaluation.
where X ij is the comprehensive fruit quality index of the ith treatment calculated by the jth computation method (i = 1, 2, ., M; j = 1, 2, ., N). In this study, M = 9 and N = 2.
(2) Normalize the data matrix. The computed comprehensive quality indexes have the same order of magnitude, so normalization of the data matrix is not required.
(3) Spearman's rank correlation analysis. Spearman rank correlation between the ranked comprehensive quality indexes that were computed by the different methods and the individual quality parameters is calculated.
(4) Calculate the weights of the different calculation methods. The weight of the jth estimated method (w x ) is calculated as
where r j is the sum of the Spearman correlation coefficients between the comprehensive quality index ranks calculated by the jth method and the individual quality parameters.
(5) Determine the combined comprehensive fruit quality index. The combined comprehensive fruit quality index (Q ci *) was calculated by
(6) Examine the result of the combined computation. The Pearson correlation coefficients between the ranked comprehensive quality indexes given by the combined computation and the original computation (r aj ) are calculated, and the average correlation coefficient (r a ) is calculated by
A higher average correlation coefficient represents better correspondence between the combined computation and the original computation (Wang et al., 2015) .
Data analysis. The statistical analysis, matrix calculation and Spearman's correlation analysis were performed using SPSS 17.0 (SPSS Inc., Armonk, NY). The mean values were compared using Duncan's multiple range test at the P 0.05 level.
Results and Discussion
Effect of deficit irrigation on ET and yield. Deficit irrigation significantly reduces ET compared with CK (Table 2) . For the 2/3 full irrigation at stages 2 (F) and 3 (M) (F 2/3 M 2/3 ) and F 1/3 M 1/3 , ET was reduced by about 29% and 53% in 2017 and 25% and 48% in 2018 respectively. Many studies have also shown that increased water deficit reduces ET (Chen et al., 2013; Topcu et al., 2007; Wang et al., 2015) . (Table 2 ). The yield for F 2/3 M 2/3 and F 1/3 M 1/3 decreased by about 73% and 90% in 2017 and 42% and 89% in 2018 compared with CK. These results are similar to previous findings (Chen et al., 2013; Jensen et al., 2010; Topcu et al., 2007; Wang et al., 2015) . This is mainly because severe water stress resulted in smaller fruit size and earlier plant senescence. (Hanson et al., 2006; Topcu et al., 2007; Zheng et al., 2013) . No significant yield reduction was found for F 2/3 M 1 , probably because the decrease to twothirds of the full irrigation amount at stage 2 was not a large enough deficit to affect yield, this finding is consistent with the results of Chen et al. (2014) . However, increased water deficit significantly reduced the yield. The yield for F 1/3 M 1 decreased by %53% to 54% compared with CK. The water deficit at stage 3 has a significant effect on the yield. Reduction of yield under water deficit is mainly due to decreased weight per fruit (Table 2) . Some studies have also shown that water deficit at any growth stage does not decrease fruit numbers per plant but significantly decreases weight per fruit (Chen et al., 2013; Mitchell et al., 1991) .
Effect of deficit irrigation on fruit quality. Positive effects of deficit irrigation on fruit quality were found in our study. TSS, SAR, and TSSC increased significantly compared with CK, and OA decreased significantly with the decrease in the irrigation amount in both years (Table 2 ). Fruit taste is mainly determined by TSSC, OA, and SAR (Dorais et al., 2001; Kader, 2008) . The results indicate that within a certain range, water deficit improved fruit taste because it increased TSS and SAR and reduced OA. This was mainly because increased water stress reduced water uptake by the tomato fruit but increased the concentration of solute in sap, which increased the concentration of various components (e.g., sugars) in the fruits and thus had positive effect on overall taste (Mitchell et al., 1991) .
VC content increased with the reduction in irrigation amount, and the highest values were found in treatment F 2/3 M 1 and F 1/3 M 1/3 (8.83 mg/100 g in 2017 and 7.56 mg/100 g in 2018). Similar results were also found by Chen et al. (2013) and Wang et al. (2015) . This result is due to the higher sugar content when there is water stress, which promotes VC synthesis during fruit ripening (Veit-K€ ohler et al., 1999) . Water deficit at stage 2 produced significantly higher VC than water deficit at stage 3 in both years ( Table 2 ). The main reason for this is that water deficit at stage 2 reduces leaf area index and thus increases fruit exposure to light (Wang et al., 2011) , and the additional light increases VC synthesis (Dumas et al., 2003) . Lycopene content was significantly reduced for all deficit irrigation treatments compared with CK, except that there was no significant difference for F 2/3 M 1 . No significant difference were found in SI in water deficit treatments, but SI in water deficit treatments was significantly higher than that in CK (Table 2) .
Relationship between yield, fruit quality, and deficit irrigation. 
increased in both years, with a high determination coefficient (R 2 ) (Fig. 2) . Patan e et al. (2011) found an exponential relationship between tomato yield and seasonal ET, but we found a linear relationship between relative yield and seasonal ET. Chen et al. (2013 Chen et al. ( , 2014 found a positive linear correlation between relative yield and relative seasonal ET, and a negative linear correlation between relative yield and 1-ET i /ET c for tomatoes. Similar results were found by Karam et al. (2007) for sunflowers and by Sezen et al. (2008) for green beans.
TSS i /TSS c , TSSC i /TSSC c , SAR i /SAR c VC i /VC c , and SI i /SI c showed significant positive linear correlations with 1-ET i /ET c as shown in Fig. 2 . OA i /OA c and LYC i /LCY c each showed significant negative linear correlation with 1-ET i /ET c . Similar results have been found in other studies. Chen et al. (2013 Chen et al. ( , 2014 showed that a linear model best fitted the correlations between relative TSS, relative SAR, relative OA, and relative VC and 1-ET i /ET c or relative seasonal ET. The gradients of the fitted curves show the sensitivity of fruit quality to seasonal ET, and the higher absolute values show an increased sensitivity to water deficit (Chen et al., 2013) . We found strong linear relationships among TSS, TSSC, SAR, VC, OA, LYC, SI, and ET, and SAR,VC, OA and TSS showed high the sensitivity to water deficit, according to the absolute values of the gradients.
Determination of comprehensive quality index and its response to deficit irrigation. Comprehensive quality indexes of the tomatoes were determined by GRA (Table 3) , TOPSIS (Table 4) , and PCA (Table 5) . Ranking the GRA scores showed that F 2/3 M 1 and F 1/3 M 1/3 had higher comprehensive quality index values and that CK, F 1 M 2/3 , and F 1 M 1/3 had lower values in both years (Table 3) . TOPSIS had different results in 2 years and Table 3 . The grey relational coefficient (x ij ), comprehensive fruit quality indexes and its rankings for deficit irrigation at different growth stages using GRA in 2017 and 2018.
Crop season Treatment 14 0.12 x i1 -x i8 are grey relational coefficient of organic acid content, total soluble solids, total soluble sugar concentration, sugar-to-acid content ratio, fruit shape index, vitamin C content, lycopene content, and weight per fruit under different treatments respectively; Q Ri * is the comprehensive fruit quality index given by grey relational analysis. See Table 1 for treatment descriptions.
ranked F 2/3 M 1 , F 1/3 M 1 , and F 2/3 M 1/3 first, second, and third and F 1/3 M 2/3 , F 1 M 2/3 , and F 1 M 1/3 had lower values in 2017. In 2018, F 2/3 M 1 , F 2/3 M 1/3 , and F 1 M 2/3 ranked first, second, and third, and F 1/3 M 1/3 , F 2/3 M 2/3 , and F 1 M 1/3 had lower values (Table 4) . PCA gave similar results to GRA, with F 1/3 M 1/3 and F 2/3 M 1 having higher comprehensive quality index values, and F 1 M 2/3, F 1 M 1/3 , and CK having lower values (Table 5) . To assess how well the comprehensive quality index represents overall fruit quality, Spearman's rank correlation analysis between the comprehensive quality indexes computed by the different methods and the individual fruit quality parameters was conducted, and the rankings of the comprehensive quality indexes should be, as closely as possible, consistent with those of the individual quality parameters (Wang et al., 2011) . The comprehensive quality indexes given by GRA (Q Ri *) and PCA (Q Pi *) showed significant positive correlations with SI, TSS, SAR, and VC and significant negative correlation with OA. The comprehensive quality index given by TOPSIS (Q Ti *) was significantly correlated with VC (Table 6 ). The results indicate that the ranking of the comprehensive quality indexes given by GRA and PCA better fitted the ranking of individual quality parameters. The Spearman correlation coefficients for TOPSIS and PCA (0.77) and TOPSIS and GRA (0.83) were lower than for GRA or PCA alone. Thus, GRA and PCA create more suitable indicators than TOP-SIS for calculating the comprehensive quality index. Wang et al. (2015) also found that GRA and PCA gave similar results in calculating the comprehensive quality index for tomatoes under different water deficit programs. Thus we combined GRA with PCA to calculate the combined comprehensive quality index of tomatoes.
In the combined comprehensive quality indexes (Table 7) , F 2/3 M 1 and F 1/3 M 1/3 had higher comprehensive quality index values, and CK ranked last. This was mainly because these treatments led to higher TSS, TSSC, SAR, and lycopene contents, and the comprehensive quality index was determined from the observed values of the individual quality parameters. F 1/3 M 1/3 had a low yield, whereas F 2/3 M 1 had high fruit quality and yield was not significantly reduced. This result shows that a balance between improved fruit quality and acceptable yield may be achieved under a moderate water deficit at the flowering and fruit development stage.
The relationships between the comprehensive quality indexes and 1-ET i /ET c were analyzed (Fig. 3) . The comprehensive quality indexes given by GRA, PCA, and combined GRA and PCA showed positive linear correlations with 1-ET i /ET c , with R 2 of 0.39-0.91. These results are consistent with the relationships between the individual fruit quality parameters and 1-ET i /ET c . The equation relating the comprehensive quality index and ET provides a basic model to guide highquality tomato production.
Conclusions
The results of this study show that deficit irrigation significantly decreased ET and improved fruit quality. Deficit irrigation resulted in significant increases in TSS, TSSC, SAR, and VC and decreases in OA and lycopene compared with full irrigation. Fruit quality was more sensitive to water deficit at the flowering and fruit development stage than at fruit maturation. The yield was significantly reduced when the water deficit increased in both years, except for treatment F 2/3 M 1 (two-thirds full irrigation at flowering and fruit development stage). Relative yield and relative OA showed significant negative linear correlations with relative seasonal water deficit. Other relative individual fruit quality parameters showed significant positive linear correlations with relative seasonal water deficit. SAR, OA, and TSS in particular were influenced by water deficit. The comprehensive quality indexes given by GRA combined with PCA are reliable indicators because the comprehensive quality index rankings were consistent with those of most individual fruit quality parameters. The comprehensive quality indexes produced by GRA, PCA, and the combination of GRA and PCA showed positive linear correlation with relative seasonal water deficit. The comprehensive quality ranking for the combination of GRA and PCA showed that F 2/3 M 1 produced higher fruit quality without a significant yield decrease compared with other treatments, which indicated that a balance between improved fruit quality and acceptable yield can be achieved under an appropriate water deficit level at the flowering and fruit development stage. .20 GRA = grey relational analysis; LYC = lycopene content; OA = organic acid content; PCA = principal components analysis; SAR = sugar-to-acid content ratio; SI = fruit shape index; TOPSIS = technique for order preference by similarity to an ideal solution; TSS = total soluble solids; TSSC = total soluble sugar concentration; VC = vitamin C content. *The correlation is significant at the 0.05 level; **correlation is significant at the 0.01 level.
